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Framing susceptibility in a risky 
choice game is altered by galvanic 
vestibular stimulation
Nora Preuss1,2,3, Roger Kalla4,5,6,7, Rene Müri2,4,6,7 & Fred W. Mast1,2
Recent research provides evidence that galvanic vestibular stimulation (GVS) has a modulating effect 
on somatosensory perception and spatial cognition. However, other vestibular stimulation techniques 
have induced changes in affective control and decision making. The aim of this study was to investigate 
the effect of GVS on framing susceptibility in a risky-choice game. The participants were to decide 
between a safe and a risky option. The safe option was framed either positively or negatively. During 
the task, the participants were exposed to either left anodal/right cathodal GVS, right anodal/left 
cathodal GVS, or sham stimulation (control condition). While left anodal/right cathodal GVS activated 
more right-hemispheric vestibular brain areas, right anodal/left cathodal GVS resulted in more bilateral 
activation. We observed increased framing susceptibility during left anodal/right cathodal GVS, but no 
change in framing susceptibility during right anodal/left cathodal GVS. We propose that GVS results in 
increased reliance on the affect heuristic by means of activation of cortical and subcortical vestibular-
emotional brain structures and that this effect is modulated by the lateralization of the vestibular 
cortex.
It has long been proposed that vestibular processing, cognition, and emotion are linked (for overview see ref. 
1). Clinical studies have reported high comorbidities between vestibular and emotional disorders2, 3 and recent 
experimental studies have demonstrated the influence of vestibular information on emotion processing and vice 
versa4–9. First experimental evidence was provided by means of caloric vestibular stimulation (CVS). CVS is 
a common technique in clinical vestibular diagnostics and it involves irrigating the outer ear canal with hot 
or cold water/air. Thermal stimulation of the outer ear canal predominantly affects the endolymphatic fluid in 
the horizontal semicircular canal, which in turn modulates the activation of the vestibular nerve. In two recent 
studies, we were able to show that CVS modulates affective control and decision making in healthy participants7, 
8. We proposed that this effect is due to activation of vestibular cortical areas, which functionally overlap with 
areas involved in emotion processing. Galvanic vestibular stimulation (GVS) is another way to stimulate vestib-
ular cortical areas. GVS involves placing an electrode of one polarity over the left mastoid and an electrode of 
another polarity over the right mastoid (i.e., behind the participant’s ears; for an overview see ref. 10). The applied 
currents are weak, usually between 0.8 and 2.0 mA. In contrast to CVS, GVS modulates the activity of the entire 
vestibular nerve, including afferents from the semicircular canals and the otoliths10, 11. Left anodal/right cathodal 
GVS is comparable to left cold or right warm CVS as it induces an imbalance of activation in favor of the right 
vestibular nerve. Right anodal/left cathodal GVS leads to less lateralized activation and is comparable to right 
cold or left warm CVS. Coactivation of the vestibular end organs results in activation of a widespread vestibular 
network including insular cortex, temporoparietal cortex, anterior cingulate cortex, basal ganglia, superior tem-
poral gyrus, and temporoparietal junction12–14. Interestingly, left anodal/ right cathodal ear GVS induces more 
right-hemispheric vestibular cortical activations whereas the reverse polarity induces bilateral activations10, 14. 
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Dieterich et al.15 were able to show a dominance of vestibular cortical functioning in the non-dominant hem-
isphere. In right-handed participants, cortical and subcortical activations were predominant in the right hem-
isphere, whereas a reverse pattern was found in left-handed participants. Dieterich et al.15 concluded that the 
vestibular system and its hemispheric dominance may influence handedness (see also ref. 16).
Despite the fact that hemispheric asymmetries have been a controversial subject to many researchers17–19, 
several studies suggest that the right hemisphere is more involved in the processing of global or contextual infor-
mation while the left hemisphere is more involved in the local processing of details19, 20. In addition, the left 
hemisphere is mainly associated with language processing while the right hemisphere is mainly associated with 
the processing of spatial information21. Indeed, hemispheric differences have not only been proposed to play a 
role in cognitive functions but also in emotion processing22–24, with the right hemisphere being specialized for 
recognizing, controlling, and expressing emotions. Moreover, the right hemisphere is thought to be involved in 
the processing of negative emotions (“withdrawal response”) while the left hemisphere is thought to be involved 
in the processing of positive information (“approach response”)25.
Researchers have also proposed that there are hemispheric differences in risky-choice framing26. Framing 
refers to the wording of a task and has been found to influence a person’s response. Thus, a person’s response 
differs when a given task is presented in a positive frame (as a gain) as opposed to a negative frame (as a loss). 
The original risky-choice framing paradigm can be traced back to Tversky and Kahneman27 and is known as the 
“Asian disease problem”: “Imagine that the U.S. is preparing for the outbreak of an unusual Asian disease, which is 
expected to kill 600 people. Two alternative programs to combat the disease have been proposed. Assume that the 
exact scientific estimate of the consequence of the programs are as follows: …”27, p. 453. When asked to choose 
between the following two options, people tend to select the first (risk averse) over the second (risk seeking) 
option: “If Program A is adopted, 200 people will be saved. If Program B is adopted, there is a 1/3 probability 
that 600 people will be saved and a 2/3 probability that no people will be saved. Which of the two programs do 
you favor”? In contrast, if the options are framed negatively, people tend to select the second (risk seeking) over 
the first (risk averse) option: “If Program A is adopted, 400 people will die. If Program B is adopted, there is a 
1/3 probability that nobody will die and a 2/3 probability that 600 will die. Which of the two programs do you 
favor”?27, p. 453. The expected outcome is identical in both alternatives; the only difference is the wording (“peo-
ple will be saved” or “people will die”). Nevertheless, the wording matters and modulates people’s choice: People 
tend to make risk-averse choices when the options are presented in a positive frame (“people will be saved”) 
and risk-seeking choices when the options are presented in a negative frame (“people will die”). Interestingly, 
using a motor task, McElroy and Seta26 showed that the manifestation of the framing effect depended on which 
hemisphere was activated: They observed a framing effect when they selectively activated the right hemisphere 
by left finger tapping, but not when they selectively activated the left hemisphere by right finger tapping. They 
concluded that, when the participants’ right hemisphere was activated, they focused more on the context to solve 
the task, which made them more susceptible to the frame. In contrast, when participants’ left hemisphere was 
activated, they used a more analytical approach and relied less on contextual information to solve the task, which 
made them less susceptible to the frame. It is, however, not clear whether left finger tapping induced or strength-
ened framing susceptibility as a no-finger tapping control condition was missing. In another study, Gallagher 
and Dagenbach17 embedded the Asian disease problem in either a low-frequency or a high-frequency sound. 
According to the double-filtering-by-frequency hypothesis21, lower-frequency information is processed more 
efficiently in the right hemisphere and higher-frequency information is processed more efficiently in the left 
hemisphere17 for review. The framing effect only manifested in the lower-frequency condition, again suggesting 
an involvement of the right hemisphere. Moreover, Jasper et al.28 found differing levels of framing susceptibil-
ity in consistent and inconsistent handers: Inconsistent handers were more responsive to framing information. 
Inconsistent handedness is associated with greater functional access to the right hemisphere whereas a pro-
nounced right handedness results in less interhemispheric interaction28.
The aim of the present study was to examine framing susceptibility during GVS. As summarized above, GVS 
can be used as a non-invasive brain stimulation technique to activate several cortical and subcortical regions that 
are involved in vestibular and emotion processing as well as decision making. Furthermore, lateralization of the 
activation pattern differs as a function of the polarization of the electrodes. In the present experiment, the partic-
ipants performed a computerized version of a risky-choice framing task adapted from29 while they were exposed 
to left anodal/right cathodal GVS or sham stimulation (Experiment 1) and right anodal/left cathodal GVS or 
sham stimulation (Experiment 2). Left anodal/right cathodal GVS activates right-hemispheric vestibular cortex 
more14, so we expected to observe an increase in participants’ framing susceptibility following left anodal/right 
cathodal GVS compared to sham stimulation. Right anodal/left cathodal GVS results in a less lateralized brain 
activation pattern14, so we did not expect to observe a change in participants’ framing susceptibility following 
right anodal/left cathodal GVS compared to sham stimulation. The results will extend the existing evidence for 
the involvement of the vestibular network in a wide range of cognitive tasks by showing that GVS also modulates 
risky decision making.
Results
Experiment 1. The analysis revealed a 41.3% probability of gambling in the reference category (sham stim-
ulation, positive frame), γ00 = −0.351, SE = 0.14, z = −2.54, p = 0.01. As expected, when the frame was nega-
tive (in the sham stimulation condition), the participants’ gambling probability increased significantly to 56.1%, 
γ20 = 0.6, SE = 0.15, z = 4.1, p < 0.001. Stimulation condition had no significant influence on gambling probabil-
ity, γ10 = −0.24, SE = 0.22, z = −1.07, p = 0.28. Importantly, the interaction between stimulation condition and 
frame was significant, γ30 = 0.414, SE = 0.19, z = 2.17, p = 0.015 (one-sided, p = 0.03 if tested two-sided). Thus, 
framing susceptibility increased during left anodal/right cathodal GVS. The results are illustrated in Fig. 1. See full 
description of the hierarchical model in the supplementary material.
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Questionnaires. In Experiment 1, both the sham and the GVS condition were rated as being equally pleas-
ant, T(15) = 1.77, p = 0.1. Furthermore, there were no differences between GVS and sham stimulation in the 
negative and positive affect ratings that were measured after stimulation: positive mood T(15) = 1.69, p = 0.11; 
negative mood T(15) = −1.06, p = 0.31.
Experiment 2. The analysis revealed a 37.1% probability of gambling in the reference category, γ00 = −0.526, 
SE = 0.17, z = −3.09, p < 0.001. As expected, the participants’ gambling probability increased significantly to 
54.3%, γ20 = 0.7, SE = 0.13, z = 5.5, p < 0.001 when the frame turned negative (in the sham stimulation condi-
tion). As in Experiment 1, stimulation condition had no significant influence on gambling probability, γ10 = 0.08, 
SE = 0.18, z = 0.44, p = 0.66, and, importantly, stimulation condition and frame did not interact, γ30 = 0.05, 
SE = 0.17, z = 0.3, p = 0.77. Right anodal/left cathodal GVS did not influence framing susceptibility. The compar-
ison of the threshold values from Experiment 1 and 2 revealed no significant difference between the two experi-
ments, t = −1.14, df = 20.11, p = 0.27. Our results are illustrated in Fig. 2. For a full description of the hierarchical 
model, see the supplementary material.
Questionnaires. In Experiment 2, sham and GVS condition were rated as being equally pleasant, 
T(18) = 0.18, p = 0.86. Furthermore, there were no differences between GVS and sham stimulation in the negative 
and positive affect ratings that were measured after stimulation: positive mood T(18) = −0.59, p = 0.56; negative 
mood T(18) = 1.71, p = 0.11.
Figure 1. Results of Experiment 1: The left figure shows the framing effect as a function of galvanic vestibular 
stimulation (left anodal/right cathodal GVS) condition. The right figure shows the interaction term using 
contrast coding. Using a hierarchical logistical regression model, we found a significant interaction between 
stimulation and framing condition in Experiment 1.
Figure 2. Results of Experiment 2: The left figure shows the framing effect as a function of galvanic vestibular 
stimulation (right anodal/left cathodal GVS) condition. The right figure shows the interaction term using 
contrast coding. Using a hierarchical logistical regression model, we found no significant interaction between 
stimulation and framing condition in Experiment 2.
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Summary
The results show that participants’ gambling probability highly depended on how the information presented to 
them was framed. As expected, the participants preferred the safe option in the positive framing condition, but 
preferred the gambling option when the information was presented in a loss frame. Interestingly, left anodal/right 
cathodal GVS (Experiment 1) had an enhancing effect on the framing susceptibility whereas right anodal/left 
cathodal GVS exerted no influence on framing susceptibility. This finding is in accordance with our hypothesis 
that left anodal/right cathodal GVS would result in more pronounced right-hemispheric activation of the ves-
tibular network and that right anodal/left cathodal GVS would result in less lateralized activation of vestibular 
projection areas.
General Discussion
The aim of the present research was to examine the influence of GVS on framing susceptibility. We were able 
to show that left anodal/right cathodal but not right anodal/left cathodal GVS exerted a modulating effect on 
framing susceptibility. When the participants were exposed to left anodal/right cathodal GVS, their probability 
of gambling increased more in loss trials and decreased more in gain trials as compared to the sham stimula-
tion condition. We attribute this finding to the lateralized activation pattern induced by GVS. Left anodal/right 
cathodal GVS activates more right-hemispheric areas of the vestibular network14, which includes the insular 
cortex, anterior cingulate cortex, and temporoparietal junction12–14. In contrast, right anodal/left cathodal GVS 
results in a more bilateral activation pattern14. The present results are in line with previous findings showing 
increased framing susceptibility when the right hemisphere is activated17, 26, 28.
De Martino et al.29 proposed that the framing effect is a behavioral bias that arises from an affect heuristic 
guided by the emotional system30. Based on our results, it is likely that left anodal/right cathodal GVS activates the 
emotional system and promotes an affect heuristic, resulting in a stronger susceptibility to emotional information. 
Neuroimaging studies provide evidence that the framing effect is modulated by structures such as the orbitof-
rontal and medial prefrontal cortex, the anterior cingulate cortex, and the amygdala29. However, it is noteworthy 
that the modulating effect of GVS on framing susceptibility cannot be solely attributed to a general activation of 
right-hemispheric structures. Indeed, De Martino, et al.29 reported that enhanced activity of the right orbitofron-
tal cortex and the ventromedial prefrontal cortex is correlated with decreased susceptibility to the framing effect. 
The amygdala, in contrast, plays a central role in mediating the framing effect. Amygdala activity is high when the 
participant chooses the safe option in the gain frame and the gamble option in the loss frame. Amygdala activity 
is significantly lower when the participant chooses an option that conflicts with the affect heuristic. Carmona, et 
al.31 pointed out the crucial role of the anterior cingulate cortex (ACC), being a key structure in emotion process-
ing that is also activated by GVS. ACC constitutes the bridge, or the interface, that connects the prefrontal cogni-
tive division with the more subcortical emotional division31. It monitors the conflict between the two systems. It is 
thus possible that GVS creates an imbalance between emotional and cognitive processes by activating more poste-
rior vestibular-emotional areas such as the insular and anterior cingulate cortex. Carmona et al.31 pointed out that 
frontal regions exert control over posterior systems and that creating an imbalance within the system influences 
vestibular as well cognitive processes depending on the extent of frontal regulatory functions. We propose that 
creating an imbalance in favor of the posterior, more emotional system results in a greater reliance on the affect 
heuristic and therefore increases framing susceptibility. Based on the lateralization of the vestibular cortex to the 
non-dominant hemisphere, this effect is only evident in left-anodal/right-cathodal GVS. Further imaging studies 
will be required to confirm this assumption.
In this study, we were able to demonstrate the influence of GVS on emotional processes and risky decision 
making. Previous studies had shown that vestibular stimulation by means of CVS has an effect on affective control 
and mood7, decision making8, unrealistic optimism9, and on manic symptom severity4. So far, experimental stud-
ies using GVS to investigate cognitive and specifically emotional processes are still scarce. Until now, researchers 
have mainly examined the influence of GVS on bodily awareness4, 5, mental transformation abilities32, (hemi-)
spatial attention33 and visual memory recall34, 35. Given the widespread cortical and subcortical activations of 
the vestibular system, it is not surprising that it is intertwined with emotional processes. The results of this study 
provide first evidence that GVS may serve as an effective tool to better investigate the overlap between cognitive 
and affective neuroscience.
A shortcoming of the present study is lacking information about whether participants experienced any differ-
ence between the experimental and sham condition. However, the stimulation was relatively weak and none of the 
participants made any remarks regarding differences after finishing the experimental procedure. Furthermore, 
only right-handed participants were included in the study. Previous studies, almost exclusively investigated 
vestibular influences on higher order cognitive processes in right-handed participants. Interestingly, the later-
alization of vestibular cortical functions to the non-dominant hemisphere has been proposed to influence hand-
edness15, 16. This rises the questions whether GVS is also an effective technique in modulating cognitive processes 
in left-handed participants and whether this effect is comparable or inverted. Future studies should therefore also 
investigate the modulating effect of GVS on higher order cognitive processes in left-handed participants.
The advantage of GVS over other non-invasive brain stimulation techniques – such as transcranial direct 
current stimulation (tDCS) – is that GVS also modulates subcortical emotional-vestibular structures (e.g., insula 
or ACC). Thus, even though GVS induces an activation of the afferent vestibular nerve, a possible spreading to 
other networks cannot be excluded. Future studies in combination with neuroimaging techniques are needed to 
better investigate the neuronal mechanisms that underlie the cognitive and affective processes that are commonly 
modulated by GVS.
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Material and Methods
Participants. We tested a total of 44 participants, 22 in Experiment 1 (age = 23.1, SD = 2.17, male = 7) and 
22 different participants in Experiment 2 (age = 22.28 ± 3.18, male = 4). All participants were right-handed 
(Edinburgh Handedness Questionnaire)36 and gave informed consent prior to the experiment. The experiment 
was conducted in accordance with the local ethics guidelines and the experimental procedure was approved by 
the local ethics committee (University of Bern).
Galvanic vestibular stimulation. In Experiment 1, we placed the anode over the participants’ left mastoid 
and the cathode over their right mastoid (i.e., behind their ears). GVS was applied using a DC-Stimulator (neu-
roConn GmbH, Ilmenau, Germany). The participants differed in their sensitivity to galvanic vestibular stimula-
tion. Therefore, an individual threshold detection task was performed prior to the actual experiment. A current, 
increasing in 0.25-mA steps from 0–2 mA (duration 60 s), was applied and participants were to report when they 
started to feel dizzy. The procedure was repeated twice and the vestibular threshold was determined by the lower 
value of the two minus 0.25 mA in order to ensure that the participants would be unaware of whether they were in 
the real or sham stimulation condition. The mean vestibular threshold was 1.009 mA (SD = ±0.338).
Each experimental stimulation block lasted for 15 minutes and participants were exposed to two stimulation 
blocks in total: one GVS and one sham GVS block. Half of the participants started with real GVS, and half of the 
participants started with sham GVS. During sham GVS, we increased the current for a duration of 30 s until the 
individual threshold was reached. Then the current remained stable for 15 s and decreased back to 0 within 15 s. 
During real GVS, the current increased to the threshold value and was stable for the remaining time throughout 
the experimental block (15 min). In order to avoid carryover effects, we tested participants on two different days 
within one week.
In Experiment 2, the polarization of the electrodes was reversed: The anode was placed over the participants’ 
right mastoid and the cathode over their left mastoid. The mean vestibular threshold over all participants was 
1.11 mA (SD =  ± 0.15). All other conditions remained unchanged.
Procedure. The risky-choice framing task was adapted from DeMartino et al.29. The participants received 
written instructions about the task and performed a short practice session prior to the first experimental block 
in order to familiarize themselves with the task. In each trial, the participants were presented with an initial offer 
(20, 50, 80, 100 points) and then with two alternatives: They could either keep a specific amount of points (safe 
option) or gamble to try to keep the whole initial offer (risky option) (see Fig. 3). The safe option was either posi-
tively or negatively worded (framing condition). The participants received written instructions about the task and 
performed a short practice session prior to the first experimental block in order to familiarize themselves with 
the task. The initial offer was presented for 2000 ms, followed by a 2000-ms fixation cross after which the offer 
was presented again for 4000 ms. Participants were to respond within these 4000 ms. The intertrial interval was 
2000 ms (see Fig. 3). The participants responded by pressing the “f ” key for the safe and the “j” key for the risky 
option. They did not receive online feedback during the task as feedback might have influenced their decision in 
the next trial. Feedback was only provided at the end of each block. Each participant received five Swiss francs 
or one credit per hour as fixed compensation. In addition, they received additional financial compensation, the 
amount of which depended on their final score. Their total compensation ranged from ten francs or two credits 
(fixed compensation) to 20 Swiss francs (fixed compensation plus additional compensation). The probability of 
keeping the whole initial offer in the risky option was 20, 40, 60, or 80%. The risk level always corresponded to 
the safe option. For example, if participants received an initial offer of 100 points, the safe option could either be 
to keep 80 points for sure (positive frame) or to lose 20 points for sure (negative frame). In the risky option, they 
could gamble to keep the whole initial offer of 100 points (probability 80%) or to lose everything (probability 
20%). Importantly, the expected outcome was identical in both conditions (positive and negative frame). Based 
on previous research on framing susceptibility27, we expected the participants to have a bias toward choosing the 
safe option when the safe option was positively framed and to have a bias toward choosing the risky option when 
the safe option was negatively framed. The participants completed a total of 64 trials in each block.
Figure 3. Illustration of the experimental task adapted from29. An initial offer was presented and the 
participants’ task was to decide whether they wanted to choose the safe option and keep a fixed amount of 
the initial points or to contend for the whole amount of the initial offer by choosing the risky option. The 
information in the safe option was framed either positively (“Keep 80 points” out of the initially received 100 
points) or negatively (“Lose 20 points” out of the initially received 100 points).
www.nature.com/scientificreports/
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We included 32 catch trials, in which one of the two options clearly outperformed the other one (e.g., keeping 
80 of 100 points for sure as compared to keeping the whole initial amount with a probability of 20%). Catch trials 
were included in order to control for vigilance and task commitment. If task commitment was high, the mean 
gambling probability was expected to be around 50%, averaged across all catch trials. Lower or higher probabili-
ties were an indicator of low task commitment. A gambling probability of higher than 70% or lower than 30% in 
the catch trials were therefore set as exclusion criteria.
Questionnaires. The participants filled out questionnaires concerning dizziness and mood after both experi-
mental conditions. The dizziness questionnaire (Likert scale 1–10) was adapted from Lenggenhager, et al.33 and is 
intended to measure physiological states such as dizziness, nausea, headache, and a general feeling of discomfort 
during vestibular stimulation. The influence on mood states was measured using the Positive and Negative Affect 
Scale37.
Analysis. We performed a hierarchical logistic regression with the predictors frame (positive, negative), 
stimulation condition (GVS, sham), and the interaction between frame and stimulation condition. The model 
consisted of a fixed intercept γ00 and a random part υ0i for each participant i, fixed effects for the predictors stim-
ulation condition γ10 and frame γ20 as well as random effects υ1i and υ2i for each participant i, and a fixed effect 
for the interaction1.
= + + +−ln(p /pp ) b b Stimulation b Frame b Interaction (1)(gamble) (1 gamble) 0i 1i 2i 3i
= γ + υb (2)0i 00 0i
= γ + υb (3)1i 10 1i
= γ + υb (4)2i 20 2i
We were particularly interested in the interaction term because the interaction tests the hypothesis whether fram-
ing susceptibility was larger during GVS than during sham:
µ − µ > µ − µ_ _ _ (5)GVS negative GVS sham negative sham positivepositive
Using contrast coding, the hypothesis can be transformed to
⋅ µ − ⋅ µ − ⋅ µ + ⋅ µ >1 _ 1 _ 1 _ 1 _ 0 (6)GVS negative GVS positive sham negative sham positive
which describes the interaction term in the general linear model. A positive value for the interaction term would 
therefore indicate an increase in framing susceptibility during GVS.
The sham stimulation condition and a positive frame were set as the reference category. The data were 
analyzed using the software package lme4 for R38. Six participants in Experiment 1 and three participants in 
Experiment 2 failed to detect the advantageous offers in the catch trials and were therefore excluded from analysis 
due to low task commitment.
References
 1. Mast, F. W., Preuss, N., Hartmann, M. & Grabherr, L. Spatial cognition, body representation and affective processes: the role of 
vestibular information beyond ocular reflexes and control of posture. Frontiers in Integrative Neuroscience 8, doi:10.3389/
fnint.2014.00044 (2014).
 2. Jacob, R. G. & Furman, J. M. Psychiatric consequences of vestibular dysfunction. Current Opinion in Neurology 14, 41–46, 
doi:10.1097/00019052-200102000-00007 (2001).
 3. Best, C., Eckhardt-Henn, A., Tschan, R. & Dieterich, M. Psychiatric morbidity and comorbidity in different vestibular vertigo 
syndromes. Journal of Neurology 256, 58–65, doi:10.1007/s00415-009-0038-8 (2009).
 4. Dodson, M. J. Vestibular stimulation in mania: a case report. Journal of Neurology Neurosurgery and Psychiatry 75, 168–169 (2004).
 5. Levine, J. et al. Beneficial effects of caloric vestibular stimulation on denial of illness and manic delusions in schizoaffective disorder: 
a case report. Brain Stimulation 5, 267–273, doi:10.1016/j.brs.2011.03.004 (2012).
 6. Preuss, N., Ellis, A. W. & Mast, F. W. Negative emotional stimuli enhance vestibular processing. Emotion 15, 411–415, doi:10.1037/
emo0000092 (2015).
 7. Preuss, N., Hasler, G. & Mast, F. W. Caloric vestibular stimulation modulates affective control and mood. Brain Stimulation 7, 
133–140, doi:10.1016/j.brs.2013.09.003 (2014).
 8. Preuss, N., Mast, F. W. & Hasler, G. Purchase decision-making is modulated by vestibular stimulation. Frontiers in Behavioral 
Neuroscience 8, doi:10.3389/fnbeh.2014.00051 (2014).
 9. McKay, R. et al. Vestibular stimulation attenuates unrealistic optimism. Cortex 49(8), 2272–2275, doi:10.1016/j.cortex.2013.04.005 
(2013).
 10. Utz, K. S., Dimova, V., Oppenländer, K. & Kerkhoff, G. Electrified minds: transcranial direct current stimulation (tDCS) and 
galvanic vestibular stimulation (GVS) as methods of non-invasive brain stimulation in neuropsychology—a review of current data 
and future implications. Neuropsychologia 48, 2789–2810, doi:10.1016/j.neuropsychologia.2010.06.002 (2010).
 11. Stephan, T. et al. Functional MRI of galvanic vestibular stimulation with alternating currents at different frequencies. Neuroimage 
26, 721–732, doi:10.1016/j.neuroimage.2005.02.049 (2005).
 12. Bense, S., Stephan, T., Yousry, T. A., Brandt, T. & Dieterich, M. Multisensory cortical signal increases and decreases during vestibular 
galvanic stimulation (fMRI). Journal of Neurophysiology 85, 886–899 (2001).
 13. Bucher, S. F. et al. Cerebral functional magnetic resonance imaging of vestibular, auditory, and nociceptive areas during galvanic 
stimulation. Annals of Neurology 44, 120–125, doi:10.1002/ana.410440118 (1998).
 14. Fink, G. R. et al. Performing allocentric visuospatial judgments with induced distortion of the egocentric reference frame: an fMRI 
study with clinical implications. Neuroimage 20, 1505–1517, doi:10.1016/j.neuroimage.2003.07.006 (2003).
www.nature.com/scientificreports/
7Scientific RepoRts | 7: 2947  | DOI:10.1038/s41598-017-02909-4
 15. Dieterich, M. et al. Dominance for vestibular cortical function in the non-dominant hemisphere. Cerebral Cortex 13, 994–1007, 
doi:10.1093/cercor/13.9.994 (2003).
 16. Brandt, T. & Dieterich, M. Does the vestibular system determine the lateralization of brain functions? Journal of Neurology 262, 
214–215, doi:10.1007/s00415-014-7548-8 (2015).
 17. Gallagher, P. & Dagenbach, D. Manipulating noise frequencies alters hemispheric contributions to decision making. Brain and 
Cognition 64, 42–49, doi:10.1016/j.bandc.2006.10.004 (2007).
 18. Hugdahl, K. Symmetry and asymmetry in the human brain. European Review 13, 119–133, doi:10.1017/S1062798705000700 (2005).
 19. Hellige, J. B. Hemispheric asymmetry: What’s right and what’s left (Vol. 6) (ed. Kosslyn, S. M., Harvard University Press 1993).
 20. Banich, M. T. Cognitive Neuroscience and Neuropsychology. (Houghton Mifflin College Division 2004).
 21. Robertson, L. C. & Ivry, R. Hemispheric Asymmetries Attention to Visual and Auditory Primitives. Current Directions in 
Psychological Science 9, 59–63, doi:10.1111/1467-8721.00061 (2000).
 22. Davidson, R. J. Anterior cerebral asymmetry and the nature of emotion. Brain and Cognition 20, 125–151 (1992).
 23. Davidson, R. J. Hemispheric asymmetry and emotion in Approaches to Emotion (eds Scherer, K. R. & Ekman, P.) 39–57 (Psychology 
Press 1984).
 24. Davidson, R. J. Cerebral Asymmetry, Emotion, and Affective Style in Brain Asymmetry (eds Davidson, R. J. & Hugdahl, K.) 361–388 
(MIT Press 1996).
 25. Silberman, E. K. & Weingartner, H. Hemispheric lateralization of functions related to emotion. Brain and Cognition 5, 322–353, 
doi:10.1016/0278-2626(86)90035-7 (1986).
 26. McElroy, T. & Seta, J. J. On the other hand am I rational? Hemispheric activation and the framing effect. Brain and Cognition 55, 
572–580, doi:10.1016/j.bandc.2004.04.002 (2004).
 27. Tversky, A. & Kahneman, D. The framing of decisions and the psychology of choice. Science 211, 453–458, doi:10.1126/
science.7455683 (1981).
 28. Jasper, J. D., Fournier, C. & Christman, S. D. Handedness differences in information framing. Brain and Cognition 84, 85–89, 
doi:10.1016/j.bandc.2013.11.006 (2014).
 29. De Martino, B., Kumaran, D., Seymour, B. & Dolan, R. J. Frames, biases, and rational decision-making in the human brain. Science 
313, 684–687, doi:10.1126/science.1128356 (2006).
 30. Slovic, P., Finucane, M., Peters, E. & MacGregor, D. The affect heuristic. European Journal of Operational Research 177(3), 1333–1352, 
doi:10.1016/j.ejor.2005.04.006 (2007).
 31. Carmona, J. E., Holland, A. K. & Harrison, D. W. Extending the functional cerebral systems theory of emotion to the vestibular 
modality: a systematic and integrative approach. Psychological Bulletin 135, 286, doi:10.1037/a0014825 (2009).
 32. Ferrè, E. R., Day, B. L., Bottini, G. & Haggard, P. How the vestibular system interacts with somatosensory perception: a sham-
controlled study with galvanic vestibular stimulation. Neuroscience Letters 550, 35–40, doi:10.1016/j.neulet.2013.06.046 (2013).
 33. Lenggenhager, B., Lopez, C. & Blanke, O. Influence of galvanic vestibular stimulation on egocentric and object-based mental 
transformations. Experimental Brain Research 184, 211–221, doi:10.1007/s00221-007-1095-9 (2008).
 34. Utz, K. S., Keller, I., Kardinal, M. & Kerkhoff, G. Galvanic vestibular stimulation reduces the pathological rightward line bisection 
error in neglect—a sham stimulation-controlled study. Neuropsychologia 49, 1219–1225, doi:10.1016/j.neuropsychologia.2011.02.046 
(2011).
 35. Rorsman, I., Magnusson, M. & Johansson, B. Reduction of visuo-spatial neglect with vestibular galvanic stimulation. Scandinavian 
Journal of Rehabilitation Medicine 31, 117–124 (1999).
 36. Oldfield, R. C. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia 9, 97–113 (1971).
 37. Crawford, J. R. & Henry, J. D. The Positive and Negative Affect Schedule (PANAS): Construct validity, measurement properties and 
normative data in a large non‐clinical sample. British Journal of Clinical Psychology 43, 245–265, doi:10.1348/0144665031752934 
(2004).
 38. Bates, D., Maechler, M., Bolker, B. & Walker, S. Fitting Linear Mixed-Effects Models Using lme4. Journal of Statistical Software 67, 
1–48, doi:10.18637/jss.v067.i01 (2015).
Acknowledgements
We thank Anne-Catherine Amstutz, Sarah Leucci, and Gerda Wyssen for their valuable help with data collection 
and Alvin Chesham for his help with programming.
Author Contributions
N.P., F.M., R.K., and R.M. designed the study. N.P. conducted the study, analyzed the data, created the figures, and 
wrote the first draft of the manuscript. All authors reviewed the manuscript.
Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-02909-4
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
